We report on a multidisciplinary study of cold seeps explored in the Central Nile deep-sea fan of the Egyptian margin. Our approach combines in situ seafloor observation, geophysics, sedimentological data, measurement of bottom-water methane anomalies, pore-water and sediment geochemistry, and 230 Th/U dating of authigenic carbonates. Two areas were investigated, which correspond to different sedimentary provinces. The lower slope, at ~ 2100 m water depth, indicates deformation of sediments by gravitational processes, exhibiting slope-parallel elongated ridges and seafloor depressions. In contrast, the middle slope, at not, vert, ~ 1650 m water depth, exhibits a series of debris-flow deposits not remobilized by post-depositional gravity processes.
-Introduction 59
Submarine pockmarks are widespread features on continental margins, which are 60 often related to seepage of gas-rich fluids at the seafloor and/or to the presence of gas 61 hydrates in marine sediments (e.g. Hovland and Judd, 1988; Judd and Hovland, 2007) . 62
Over recent years, there has been much interest in the study of seafloor pockmarks 63 because they represent potential pathways for important quantities of gas from sediments 64 to the ocean and, perhaps, to the atmosphere (e. New geophysical data acquired during the Nautinil cruise and other recent Geosciences-212
Azur expeditions allow to distinguish three distinct areas in the Central Nile Province, 213 which are described briefly below ( Fig. 1; Fig. 2 suggests that some ridges observed in this area correspond to small rotated blocks. This 237 deformed sedimentary cover is about 10 to 50 m thick and is underlain by debris-flow 238 deposits ( Fig. 2A) . In core NLK11 (see location in Fig. 1 ), debris-flow deposits occur at 239 sediment depths below 12 m (Fig. 5) . A large number of highly reflective patches were 240 identified in this area (Loncke et al., 2004) , some of which were investigated during the 241 Nautinil cruise (Figs. 1 and 2 ). Multibeam acoustic map (Fig. 3A) and side-scan sonar seafloor imagery (Fig. 4) Three carbonate-paved areas were discovered on the lower slope during the Nautile 255 dives, which correspond clearly to highly reflective patches (dark spots) on EM-300 256 multibeam mosaic (Fig. 3A) . Microbathymetric profiles generated from the submersible 257 sensors reveal that they correspond to aligned carbonate mounds, up to ~ 500 m long and 258 5 m high (Fig. 3B,C) . Clearly, these carbonate-paved areas occur on top of the elongated 259 ridges related to downslope mass movements (Fig. 2) . Carbonate pavements were mainly 260 covered by hemipelagic sediments (Fig. 6A) . Fractured carbonate pavements were 261 observed typically in topographically steep areas ( Fig. 3B; Fig. 6B,C) , often associated to 262 faults with orientations ~ N70 and N160. 263 Several animal communities were observed during the Nautile dives in the two studied 298 areas. Vestimentiferan tubeworms (Polychaeta: Siboglinidae) were often present in close 299 association with carbonate crusts (Fig. 7) , both in pockmarks and carbonate-paved areas. 300
Two morphotypes of siboglinids were distinguished after examination of photographs 301 and videos collected during the dives, but only one of them (assigned to the genus 302 Lamellibrachia; Webb, 1969) was sampled successfully (Fig. 7A) . 303 Numerous small mussels (length < ~1 cm) were found on carbonate crusts and 304 associated sediments, occurring frequently inside small cavities within carbonate 305 deposits. Those mussels have been shown recently to harbour 6 distinct types of bacterial 306 symbionts, including sulphur-and methane-oxidizing bacteria, a diversity larger than 307 mounds. Clearly, this shows that those troughs correspond to active sites of methane 326 seepage. In contrast, no (dives NL6) or weak (dive NL14) methane anomalies were 327 detected above carbonate-paved areas (Figs. 3B and C). In the middle slope, the Capsum 328 sensor did not detect any methane anomaly (not shown here), but evidence for active 329 fluid seepage is suggested by acoustic anomalies of side-scan sonar records of the water 330 column attributed to gas bubbles (S. Dupré, personal communication; not shown here). 331
One such acoustic gas anomaly was identified in close proximity to those large carbonate 332 structures with irregular shapes.
At pockmarks, seepage of methane-rich fluids was inferred frequently by the presence 334 of dark grey sediments (e.g. indicating the presence of an abundant organic fraction not 335 decomposed). Evidence for on-going anaerobic oxidation of methane and bacterial 336 sulphate reduction in one of those pockmarks was also given by a strong H 2 S smell upon 337 opening of core NL6-PC1 (Fig. 5) . 338 In contrast to dissolved SO 4 2-concentrations, S concentrations in solid sediment 346 phases increase from just a few centimeters (~ 7 cm) below the sediment/water interface 347 (Fig. 8) . In core NL14-PC1, enrichments of Ba and reduced S are related to the presence 348 of barite (barium sulphate) and pyrite (iron sulfide), respectively. Pickering et al., 1989; Stow, 1994) . In most cases, ridges and troughs form in the 372 distal compressive parts of creeping or gliding sediment masses. By analogy, the lower 373 slope on the Central Nile deep-sea fan could also correspond to a regional compressive 374 domain. However, the occurrence of small rotated blocks in the lower slope indicates 375 that extensional deformation takes place instead in this area, leading to faulting and 376 associated rotated blocks. Most probably, it is likely that creeping of surface sediments 377 in this lower slope domain also induces local compression, which could contribute, at 378 least to some extent, to the formation of ridges and troughs. In contrast, the presence of authigenic sulphate (oxidized S) and sulfide (reduced S) 397 minerals within sediment cores collected at carbonate ridges implies that reduction of 398 pore-water sulphate was active at these sediment depths in the recent past. The dark grey 399 sulfur-and barium-rich sediment layer in cores NL14-PC1/3 probably does not 400 correspond to the Holocene Sapropel layer S1 (e.g., Olausson, 1961) , which is buried at 401 deeper sediment depths in the studied area (> 15 cm in our reference push-core NL7(27/05/08) One major result of this study is the close relationship between slope parallel elongated 442 ridges/troughs and the occurrence of fluid-escape structures (see Fig. 9 ; Table 3 ). In the 443 lower slope, carbonate-paved areas are located clearly on top of ridges, whereas methane 444 venting occurs above troughs (Fig. 9) . It is very likely that gravity processes and 445 deformation in the lower slope have created preferential pathways for fluid migration and 446 gas escape. The large depressions or troughs, characterized by intense bioactivity and 447 active methane venting, corresponds most probably to the present-day seafloor(27/05/08) 20 expression of those preferential pathways (e.g. faults) related to sediment deformation 449 (Fig. 9) . Pockmarks observed in close vicinity to the troughs could form from excess 450 volumes of fluids periodically migrating upslope from the troughs, possibly aided by the 451 creation of migration pathways along fractures (Fig. 9) . 452
At present, it is likely that carbonate precipitation occurs within sediments in those 453 depressions associated to active methane venting. Instead, we propose that carbonate 454 pavements emplaced on top of ridges were outcropped on the seafloor in response to 455 sediment instability, after initial formation of carbonate crusts. The exposure of those 456 carbonate pavements could be due either to compressional deformation as pressure ridges 457 or, alternatively, be related to faulting associated with the rotated blocks. This correspond to fluid migration structures (Fig. 5) . In contrast, sediments associated with 486 debris-flow deposits are highly compacted. One hypothesis would be that the upper 487 surface of debris-flow deposits act as a décollement layer, along which fluids would 488 migrate preferentially. The presence of such a décollement layer at a few meters below 489 the seafloor would favour both sediment instabilities (i.e. creeping) and fluid seepage in 490 the lower slope (Fig. 9) . 491 
